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BACKGROUND: Greater precision is required for arrhythmic risk stratification of patients with nonischemic cardiomyopathy 
(NICM). We sought to evaluate whether fibrosis entropy, a measure of scar texture heterogeneity derived from late gadolinium 
enhancement cardiovascular magnetic resonance, has incremental utility to fibrosis presence for arrhythmic risk prediction 
in NICM.

METHODS: In this prospective observational cohort study, fibrosis entropy was calculated for patients with NICM and fibrosis 
(late gadolinium enhancement positive, LGE+), including regions of core fibrosis, gray zone fibrosis and combined core and 
gray zone fibrosis. Patients with NICM and no fibrosis (LGE-) were included as a comparator group. Adjudicated follow-up for 
life-threatening arrhythmia included sudden cardiac death, aborted sudden cardiac death, or sustained ventricular tachycardia.

RESULTS: Of 291 patients with LGE+ NICM, 38 (13.1%) experienced life-threatening arrhythmia over a median follow-up of 
6.3 years. Core fibrosis entropy (per-SD hazard ratio [HR], 1.77 [95% CI, 1.25–2.52]; P=0.001), gray zone fibrosis entropy 
(HR, 1.97 [95% CI, 1.20–2.54]; P=0.004), and combined fibrosis entropy (HR, 1.98 [95% CI, 1.30–3.02]; P=0.004) were 
each associated with life-threatening arrhythmia after adjustment for variables used to determine implantable cardioverter-
defibrillator candidacy in clinical practice (left ventricular ejection fraction ≤35% and New York Heart Association class >1) 
and remained associated after accounting for core and gray zone fibrosis mass. Left ventricular ejection fraction ≤35% was 
not associated with life-threatening arrhythmia (HR, 1.45 [95% CI, 0.77–2.74]; P=0.250). Integration of fibrosis presence with 
fibrosis entropy classified patients into low-, intermediate-, and high-arrhythmic-risk groups.

CONCLUSIONS: Deeper phenotypic characterization of scar using fibrosis entropy offers incremental utility to left ventricular 
ejection fraction and fibrosis presence for arrhythmic risk stratification in NICM.
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Life-threatening arrhythmia (LTA) is an important 
cause of morbidity and mortality in patients with 
nonischemic cardiomyopathy (NICM). While im-

plantable cardioverter-defibrillators (ICDs) offer a 
degree of protection, identification of those likely to 
derive prognostic benefit from implantation is chal-
lenging and the subject of ongoing commentary, es-
pecially in light of results from the DANISH (The Danish 
Study to Assess the Efficacy of ICDs in Patients With 
Nonischemic Systolic Heart Failure on Mortality) study 
demonstrating that ICDs did not improve survival in 
this population.1–3 Myocardial replacement fibrosis, 
detected by late gadolinium enhancement (LGE) car-
diovascular magnetic resonance (CMR), is established 
as the major substrate for ventricular arrhythmia4; how-
ever, left ventricular ejection fraction (LVEF) remains the 

cornerstone of guidelines determining primary preven-
tion ICD candidacy.5,6 We have previously shown that 
LVEF is an imprecise predictor of LTA across the full 
spectrum of phenotypic severity, highlighting the need 
for more precise diagnostic tools and risk stratifica-
tion algorithms.7,8 Whether deeper phenotypic char-
acterization of scar features can achieve this goal is 
unknown and has been identified by the European 
Society of Cardiology as an important evidence gap.9 
To this end, we have previously identified fibrosis mass, 
position, and interface area as important determinants 
of LTA7,10,11 but are yet to examine the potentially im-
portant role of scar texture. Entropy is a mathematical 
concept that describes an inherent level of uncertainty 
in information theory,12,13 for which many applications 
exist. Applied to LGE CMR images, entropy can be 
used to measure signal intensity heterogeneity in re-
gions of scar. Prior studies into the association be-
tween scar/myocardial entropy and LTA have been 
restricted to either small cohorts of patients with ICDs, 
patients with prior ventricular arrhythmia, or cohorts of 
mixed disease etiology.13–16 In this study, we evaluated 
the association between core and/or gray zone (GZ) 
fibrosis entropy and incident LTA in a cohort of patients 
with NICM with midwall/subepicardial fibrosis on CMR, 
to determine whether this method of substrate char-
acterization offers incremental predictive value above 
existing approaches.

METHODS
Study Population
Consecutive patients referred for a CMR scan 
between 2009 and 2017 from our clinical service and 
a network of surrounding district general hospitals were 
prospectively enrolled into the Royal Brompton Hospital 
Cardiovascular Research Centre Biobank. The study 
complied with the Declaration of Helsinki and was 
approved by the National Research Ethics Service (South 
Central Hampshire B Research Ethics Committee; 
Reference 19/SC/0257). All participants provided written 
consent. The major inclusion criterion was a diagnosis 
of NICM with midwall/subepicardial fibrosis on CMR 
(LGE positive, LGE+). This included patients with dilated 
cardiomyopathy (DCM; reduced LVEF and increased 
indexed left ventricular (LV) end-diastolic volume with 
respect to age- and sex-specific reference values)17 
or nondilated left ventricular cardiomyopathy (reduced 
LVEF or increased LV end-diastolic volume index).18,19 
Exclusion criteria were ischemic heart disease, defined 
as a stenosis of >50% in a major epicardial coronary 
artery, inducible ischemia on functional testing, 
subendocardial LGE on CMR indicating prior myocardial 
infarction, or prior coronary revascularization; further 
exclusion criteria were abnormal loading conditions 

CLINICAL PERSPECTIVE

What Is New?
•	 Fibrosis entropy, a measure of scar texture 

heterogeneity calculated from late gadolinium 
enhancement cardiovascular magnetic 
resonance, was independently associated 
with life-threatening arrhythmia in patients with 
nonischemic cardiomyopathy and midwall/
subepicardial myocardial fibrosis; this association 
was independent of variables used to determine 
implantable cardioverter-defibrillator candidacy in 
clinical practice and incremental to contemporary 
risk stratification approaches.

•	 Left ventricular ejection fraction was not associ-
ated with arrhythmic events.

What Are the Clinical Implications?
•	 These findings support a transition toward risk 

stratification based on direct characterization of 
the underlying arrhythmic substrate rather than 
left ventricular ejection fraction in patients with 
nonischemic cardiomyopathy.

Nonstandard Abbreviations and Acronyms

DANISH	 The Danish Study to Assess the 
Efficacy of ICDs in Patients With 
Nonischemic Systolic Heart Failure on 
Mortality

DCM	 dilated cardiomyopathy
LTA	 life-threatening arrhythmia
NICM	 nonischemic cardiomyopathy
NYHA	 New York Heart Association
SCD	 sudden cardiac death
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(uncontrolled hypertension or severe primary valve 
disease), congenital heart disease, active myocarditis, 
or an alternative cardiomyopathic processes. A second 
cohort of patients with NICM (reduced LVEF and/
or increased LV end-diastolic volume index) without 
midwall/subepicardial fibrosis on CMR (LGE negative, 
LGE-) was included as a comparator group in the 
survival analysis, as it was anticipated that this would 
constitute a low-risk group. It is important to note that 
it is not possible to compute fibrosis entropy for LGE- 
patients. Requests to access the data set and methods 
from qualified researchers may be made on reasonable 
request to the corresponding author.

CMR Acquisition
All patients underwent a CMR scan on a 1.5 Tesla 
scanner (Sonata/Avanto, Siemens, Erlangen, Germany) 
using standardized protocol. Breath-hold steady-state 
free precession sequences were performed to pro-
duce cine images. Gadopentetate dimeglumine or ga-
dobutrol (0.1 mmol/kg) was intravenously injected and 
an inversion recovery gradient echo sequence was 
undertaken to acquire the LGE images at 10 minutes. 
The LGE images were acquired in the long-axis planes 
and consecutive short-axis slices (8 mm slice thick-
ness with 2 mm gap) covering the left ventricle from 
base to apex. Inversion times were optimized to ensure 
adequate nulling of normal myocardium.

CMR Analysis
Left and right ventricular volumes and LV mass were 
measured using a thresholding technique in CMRtools 
(Cardiovascular Imaging Solutions, UK) and indexed 
to body surface area. LGE presence was determined 
by 2 expert CMR readers, with a third adjudicating 
cases of disagreement. LGE was defined as an area 
of enhancement within the intramyocardial and/or 
subepicardial layers and considered present when seen 
in both long- and short-axis planes, in 2 orthogonal 
views, extending beyond the LV/right ventricular 
insertion points. Endocardial and epicardial borders 
were semi-automatically contoured using CVI42 (Circle 
Cardiovascular Imaging Inc, Calgary, Canada) and 
optimized by a single expert CMR reader blinded to 
clinical outcomes. Core fibrosis was classified using 
a full-width half-maximum method (any LV region with 
signal intensity ≥50% maximal signal intensity) and 
GZ fibrosis as regions with ≥35% but <50% maximal 
signal intensity.20,21 Using LGE CMR images and 
corresponding quantification masks, 2-dimensional 
fibrosis texture features were extracted using proprietary 
software, as described previously.11,22 Fibrosis 
entropy (computed as standard Shannon entropy) 
was calculated for core fibrosis, GZ, and combined 
core+GZ fibrosis signal intensities (see Data S1 for full 

description of fibrosis entropy computation).23 Entropy 
measures per slice were aggregated across the short-
axis stack to represent LGE topology throughout the 
left ventricle (Figure 1).

Follow-Up and End Points
Patients were followed up using postal questionnaires 
and medical information from primary care and hospital 
records. Follow-up duration was measured from the 
date of CMR and truncated after 10 years. All events were 
adjudicated by a panel of experienced cardiologists 
using medical information, death certificates, autopsy 
reports, and ICD reports. All potential arrhythmic events 
were adjudicated by a cardiologist with expertise in 
implantable cardiac devices; ICD electrograms were 
reviewed where necessary. Adjudicators were blinded 
to CMR data throughout. The primary end point 
was LTA (composite of sudden cardiac death [SCD], 
aborted SCD, or sustained ventricular tachycardia). 
Secondary end points were (1) major heart failure (HF) 
events (composite of HF death, heart transplant, LV 
assist device implantation, or HF hospitalization); and 
(2) cardiovascular death (see Data S1 for full end point 
definitions).

Statistical Analysis
Patient characteristics are presented as frequency 
(percentage) for categorical variables and median (in-
terquartile range) for continuous variables. Categorical 
variables were compared using Fisher’s exact test. 
Continuous variables were compared using the Mann–
Whitney U test or Kruskal–Wallis test. Ordinal values 
were compared using Cochran–Armitage test for trend. 
Cumulative incidence curves were fitted for end points 
stratified by median values and compared using log-
rank test. The Youden J statistic was calculated from 
receiver operating characteristic analyses to assess 
whether optimized thresholds could be derived for en-
tropy values. The association between fibrosis entropy 
and clinical end points were assessed using univariable 
and multivariable Cox proportional hazard modeling. 
For the primary end point, 3 a priori selected multivari-
able models were used. Model 1 was aligned to criteria 
recommended by international guidelines to determine 
primary prevention ICD implantation and thus ad-
justed for LVEF ≤35% and New York Heart Association 
(NYHA) class >1. Multivariable model 2 adjusted for 
LVEF ≤35% and NYHA class >1, with the addition of 
core fibrosis mass. Multivariable model 3 adjusted for 
LVEF ≤35% and NYHA class >1, with the addition of 
GZ mass. Models 2 and 3 were selected as sensitivity 
analyses to demonstrate independence of any associa-
tion between entropy and LTA from core fibrosis and 
GZ mass, respectively. For the secondary end points, 
a single multivariable model was used adjusting for 
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age, sex, LVEF (as a continuous variable), and NYHA 
class, selected on the basis of established associations 
between these variables and progressive HF and car-
diovascular death.24 Model performance was assessed 
using Harrell’s C-statistic. The incremental predictive 
value of fibrosis entropy was assessed using categori-
cal net reclassification indices. A 2-tailed P value of 
<0.05 was considered significant. Statistical analysis 
was performed using Python version 3.7.4 (Python 
Software Foundation, Wilmington, DE).

RESULTS
Cohort
Of 939 patients assessed for eligibility, the final LGE+ 
NICM cohort comprised 291 patients (Figure  2). Of 
these, 250 (85.9%) had DCM and 41 (14.1%) had non-
dilated LV cardiomyopathy (Table  S1). Most patients 
(73.9%) had been referred for a CMR to further char-
acterize LV dysfunction and/or dilatation; followed by 
a smaller proportion to investigate arrhythmia (10.0%) 
or for family screening (5.5%). The remaining patients 
(10.7%) had undergone CMR for other indications. 
Coronary artery disease was excluded with inva-
sive angiography in 72.9% of patients, by computed 
tomography coronary angiography in 5.2%, and by 
functional testing demonstrating no inducible ischemia 
in 12.0%. The remaining 9.9% (29 patients) had a low 

clinical probability of coronary artery disease and did 
not undergo investigation to formally exclude: 48.3% 
were aged ≤40 years, none had prior angina, and none 
required coronary revascularization or experienced an 
acute coronary syndrome during follow-up. The com-
parator group comprised 574 patients with LGE- NICM 
(Table S2).

The median age of the primary cohort of patients 
with LGE+ NICM was 57.0 (interquartile range, 49.0–
66.0) years and the majority were men (75.3%) and 
White individuals (85.9%) (Table  1). A high proportion 
of patients were prescribed prognostic HF drugs. The 
median LVEF was 39.0% (interquartile range, 26.5%–
50.0%). Following enrollment, 106 patients (36.4%) un-
derwent ICD implantation, of whom 65 (22.3%) received 
cardiac resynchronization. The indication for ICD im-
plantation was for primary prevention in all except 4, for 
whom ICDs were implanted following resuscitated car-
diac arrests that occurred during follow-up. No patients 
had an indication for an ICD for secondary prevention 
at the point of enrollment. An additional 10 patients re-
ceived cardiac resynchronization therapy–pacemaker 
devices, and 4 patients received single-chamber or 
dual-chamber pacemakers during follow-up.

Fibrosis entropy was computed for all patients with 
LGE+ NICM. There was no difference in fibrosis mass or 
entropy values between scans performed using differ-
ent contrast agents (gadopentetate dimeglumine versus 
gadobutrol), in patients with atrial fibrillation compared 

Figure 1.  Fibrosis entropy quantification.
Quantification of myocardial fibrosis entropy from late gadolinium enhancement cardiovascular magnetic 
resonance. A, LGE CMR short-axis stack; (B) single LGE short-axis slice; (C) classification of core 
fibrosis (red) and gray zone fibrosis (pink); (D) visual representation of pixel signal intensity for region 
of core fibrosis with corresponding signal intensity histogram. CMR indicates cardiovascular magnetic 
resonance; and LGE, late gadolinium enhancement.
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with sinus rhythm, or in patients with severe HF symp-
toms (NYHA class IV) compared with those with less se-
vere HF symptoms (NYHA class I–III) (Tables S3 through 
S5). Measures of fibrosis mass and entropy were mod-
erate to highly correlated (Figure S1).

Primary End Point
Over a median follow-up of 6.3 years (interquartile 
range, 4.6–9.1), 38 of 291 (13.1%) patients with LGE+ 
NICM met the primary end point. Of these, 7 (18.4%) 
were adjudicated as SCDs (5 of whom had autopsy 
reports available to adjudicators), 18 (47.4%) as aborted 
SCD events (14 with an appropriate ICD shock, 4 
due to resuscitated ventricular fibrillation/ventricular 
tachycardia cardiac arrest requiring electrical 
cardioversion/defibrillation); and 13 (31.6%) patients 
were adjudicated to have had sustained ventricular 
tachycardia. Of note, there was no significant difference 
in LVEF between patients who did and did not meet 

the primary end point (38.5% [25.0%–50.5%] versus 
39.0% [28.0%–50.0%]; P=0.446). Importantly, 19 of 38 
patients (50%) with LGE+ NICM who experienced LTA 
had an LVEF >35%. There was no difference in LTA 
event rate between patients with DCM and nondilated 
LV cardiomyopathy (P=0.594; Table S6). Patients who 
met the primary end point had a higher LV mass index 
(P=0.033), higher core fibrosis mass (P=0.018), higher 
GZ fibrosis mass (P=0.023), and higher combined 
fibrosis mass (P=0.017) compared with those who did 
not experience LTA. Patients who met the primary end 
point also had higher core fibrosis entropy (P=0.031), 
higher GZ fibrosis entropy (P=0.017), and higher 
combined fibrosis entropy (P=0.034) than patients who 
did not experience LTA. Of the comparator cohort of 
patients with LGE- NICM, only 14 of 574 (2.4%) met the 
primary end point during follow-up.

Among patients with LGE+ NICM, core fibrosis en-
tropy (log-rank P=0.03), GZ fibrosis entropy (log-rank 

Figure 2.  Study cohort.
Flowchart illustrating the assembly of the study cohort. CMR indicates cardiovascular magnetic resonance; LGE, 
late gadolinium enhancement; LVEDVi, indexed left ventricular end-diastolic volume index; LVEF, left ventricular 
ejection fraction; and NICM, nonischemic cardiomyopathy.
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P=0.003) and combined fibrosis entropy (log-rank 
P=0.002) values above median were associated with 
a higher cumulative incidence of the primary end 
point. By contrast, there was no difference in the cu-
mulative incidence of LTA between patients with LVEF 
≤35% compared with those with LVEF >35% (log-rank 
P=0.25) (Figure  3; Figures  S2 and S3). When these 
findings were considered alongside the compara-
tor group of patients with LGE- NICM, integration of 
LGE presence with fibrosis entropy delineated tiered 

arrhythmic risk groups. Namely, patients with LGE- 
NICM represent a low-risk group (event rate per 100 
patient-years, 0.29), while fibrosis entropy classified 
patients with LGE+ NICM into intermediate risk (LGE+ 
with core/GZ/combined fibrosis entropy less than or 
equal to median, event rate, 1.08–1.10) and high-risk 
(LGE+ with core/GZ/combined fibrosis entropy greater 
than median, event rate, 2.39–2.44) groups (Tables S7 
through S9). In contrast with classifying patients on 
the basis of median entropy values, dichotomizing by 

Table 1.  Patient Baseline and Cardiovascular Magnetic Resonance Characteristics Stratified by the Primary End Point

Total cohort (N=291) Event-free (N=253) Event (N=38) P value

Age, y 57.0 (49.0–66.0) 58.0 (48.0–66.0) 52.5 (48.25–60.75) 0.197

Male sex, n (%) 219 (75.3) 189 (74.7) 30 (78.9) 0.689

White race, n (%) 250 (85.9) 213 (84.2) 37 (97.4) 0.054

Body surface area, m2 2.03 (1.84–2.17) 2.04 (1.83–2.18) 2.0 (1.87–2.16) 0.933

Heart rate, beats/min 70.0 (62.0–82.0) 70.0 (62.0–81.5) 72.0 (58.2–82.5) 0.565

Systolic blood pressure, mm Hg 120.5 (107.0–137.0) 123.0 (107.8–138.0) 115.5 (104.5–126.8) 0.063

Diastolic blood pressure, mm Hg 71.0 (63.0–83.0) 71.0 (63.0–84.0) 72.0 (63.5–79.0) 0.612

Diabetes, n (%) 43 (14.8) 35 (13.8) 8 (21.1) 0.355

Hypertension, n (%) 115 (39.5) 102 (40.3) 13 (34.2) 0.594

LBBB, n (%) 64 (22.0) 55 (21.7) 9 (23.7) 0.952

Family history of dilated cardiomyopathy, n (%) 47 (16.2) 43 (17.0) 4 (10.5) 0.439

Family history of sudden cardiac death, n (%) 38 (13.1) 33 (13.0) 5 (13.2) 1.000

NYHA functional class, n (%) 0.070

I 121 (41.6) 102 (40.3) 19 (50.0)

II 125 (43 115 (45.5) 10 (26.3)

III/IV 45 (15.5) 36 (14.2) 9 (23.7)

Medications, n (%)

ACE inhibitor/ARB 251 (86.3) 216 (85.4) 35 (92.1) 0.384

β Blocker 221 (75.9) 189 (74.7) 32 (84.2) 0.282

Mineralocorticoid receptor antagonists 124 (42.6) 108 (42.7) 16 (42.1) 1.000

Loop diuretic 152 (52.2) 132 (52.2) 20 (52.6) 1.000

CMR measurements

LV end-diastolic volume index, mL/m2 120.0 (102.5–152.5) 120.0 (101.0–149.0) 122.5 (105.2–172.0) 0.466

LV end-systolic volume index, mL/m2 72.0 (54.0–107.0) 70.0 (53.0–107.0) 82.0 (54.5–128.0) 0.308

LV ejection fraction, % 39.0 (26.5–50.0) 39.0 (28.0–50.0) 38.5 (25.0–50.5) 0.446

LV mass index, g/m2 90.0 (74.5–112.0) 88.0 (74.0–111.0) 97.5 (84.25–118.75) 0.033*

RV end-diastolic volume index, mL/m2 85.0 (70.0–103.0) 86.0 (70.0–103.0) 83.0 (67.0–103.0) 0.546

RV end-systolic volume index, mL/m2 39.0 (28.5–53.0) 38.0 (28.0–53.0) 42.0 (33.0–56.5) 0.371

RV ejection fraction, % 54.0 (45.0–61.0) 54.0 (45.0–61.0) 51.0 (41.0–57.0) 0.087

Left atrial volume index, mL/m2 58.3 (45.8–73.6) 57.5 (45.3–73.0) 59.6 (53.2–75.1) 0.231

Core fibrosis mass, g 6.5 (3.5–10.3) 6.01 (3.4–9.5) 9.3 (7.3–14.4) 0.018*

Gray zone fibrosis mass, g 6.7 (3.7–11.2) 6.5 (3.2–10.5) 10.4 (5.3–14.1) 0.023*

Combined fibrosis mass, g 13.4 (6.9–22.2) 12.7 (6.4–20.1) 20.7 (12.6–28.0) 0.017*

Core fibrosis entropy 15.1 (11.5–19.3) 14.3 (11.5–19.0) 16.9 (13.5–20.3) 0.031*

Gray zone fibrosis entropy 10.3 (7.3–14.2) 10.0 (7.2–14.0) 12.0 (10.1–14.5) 0.017*

Combined fibrosis entropy 16.5 (12.7–21.5) 16.0 (12.6–21.3) 18.2 (14.7–22.4) 0.034*

Patient characteristics are presented as frequency (percentage) for categorical variables and median (interquartile range) for continuous variables. ACE 
indicates angiotensin-converting enzyme; ARB, angiotensin II receptor blocker; CMR, cardiovascular magnetic resonance; LBBB, left bundle branch block; LV, 
left ventricular; NYHA, New York Heart Association; and RV, right ventricular.

*P <0.05.
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values above and below the Youden J index–derived 
thresholds was not associated with a difference in the 
cumulative incidence of the primary end point (com-
bined entropy, log rank P=0.19; Figure S4).

Among patients with LGE+ NICM, core fibrosis en-
tropy (per-SD hazard ratio [HR], 1.75 [95% CI, 1.25–
2.44]; P=0.001), GZ fibrosis entropy (HR, 1.77 [95% 
CI, 1.24–2.54]; P=0.002), and combined fibrosis en-
tropy (HR, 1.88 [95% CI, 1.27–2.78]; P=0.002) were 
associated with the primary end point in univariable 
analysis (Table  2). On multivariable analysis using 
model 1 (adjusted for LVEF ≤35% and NYHA class >1), 
core fibrosis entropy (HR, 1.77 [95% CI, 1.25–2.52]; 
P=0.001), GZ fibrosis entropy (HR, 1.97 [95% CI, 
1.20–2.54]; P=0.004) and combined fibrosis entropy 
(HR, 1.98 [95% CI, 1.30–3.02]; P=0.004) remained in-
dependently associated with LTA (Table 2, Table S10). 
The baseline C-statistic for model 1 was 0.49, and the 
addition of core fibrosis entropy, GZ fibrosis entropy, 
and combined fibrosis entropy individually as continu-
ous variables resulted in an increment in C-statistic to 
0.59, 0.62, and 0.62, respectively. When core fibrosis 
entropy, GZ fibrosis entropy, and combined fibrosis 
entropy were considered as dichotomous variables 
stratified by median and added to model 1, the C-
statistic values were 0.57, 0.57, and 0.58, respectively. 
The net reclassification indices for fibrosis entropy, GZ 
fibrosis entropy, and combined fibrosis entropy (each 
dichotomized by median value) were 0.23 (P=0.08), 
0.29 (P=0.02), and 0.32 (P=0.01), respectively, com-
pared with LVEF (≤35% versus >35%) (Tables  S11 

through S13). For example, use of combined fibrosis 
entropy correctly reclassified 8 more patients as high 
risk for LTA and 27 more patients as low risk for LTA, 
compared with LVEF.

LVEF was not associated with the primary end 
point on univariable analysis, either as a dichotomous 
variable (LVEF ≤35% versus >35%: HR, 1.45 [95% CI, 
0.77–2.74]; P=0.254), or continuous variable (LVEF per 
10% increase: HR, 0.80 [95% CI, 0.63–1.01]; P=0.057).

Sensitivity Analyses
On sensitivity analysis using multivariable model 2 
(adjusting for LVEF ≤35%, NYHA class >1, and core 
fibrosis mass), core fibrosis entropy remained asso-
ciated with the primary end point (HR, 1.70 [95% CI, 
1.02–2.82]; P=0.042) despite the inclusion of core 
fibrosis mass in the model (Table  2, Table  S14). The 
baseline C-statistic for model 2 was 0.58, and the ad-
dition of core fibrosis entropy resulted in a small step 
up to 0.60. On sensitivity analysis using multivariable 
model 3 (LVEF ≤35%, NYHA class >1, and GZ fibrosis 
mass), GZ fibrosis entropy remained associated with 
the primary end point (HR, 1.59 [95% CI, 1.06–2.37]; 
P=0.024), despite the inclusion of GZ fibrosis mass in 
the model (Table 2, Table S15). The baseline C-statistic 
for model 3 was 0.62, and the addition of GZ fibrosis 
entropy resulted in a small step up to 0.65. In additional 
post hoc analyses, core fibrosis entropy, GZ fibrosis 
entropy, and combined fibrosis entropy each remained 
associated with the primary end point in multivariable 

Figure 3.  Fibrosis entropy and LVEF in relation to the primary end point.
Cumulative incidence curves for life-threatening arrhythmia stratified by (A) combined fibrosis entropy above median; and (B) LVEF 
≤35%. Combined fibrosis entropy greater than median was associated with increased cumulative incidence of life-threatening 
arrhythmia; LVEF ≤35% was not associated with increased cumulative incidence of LTA. LTA indicates life-threatening arrhythmia; 
and LVEF, left ventricular ejection fraction.
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models that accounted for other potentially relevant 
scar characteristics, including fibrosis position (septal 
versus free-wall versus both) and fibrosis pattern (mid-
wall versus subepicardial versus focal versus multiple 
patterns) (Table S16). Core fibrosis entropy and com-
bined fibrosis entropy remained associated with the 
primary end point when the fibrosis interface area was 
included in the multivariable model (Table S16). In a fur-
ther sensitivity analysis, we tested whether adjusting 
for NYHA class >2, rather than NYHA class >1 in mul-
tivariable model 1, affected the association between 
entropy parameters and the primary outcome. Each 
entropy parameter remained associated with the pri-
mary end point when adjusting for NYHA class >2 and 
LVEF <35% (Table S17).

Secondary End Points
Major HF Events

In total, 61 of 291 (21.0%) patients with LGE+ NICM 
met the composite HF end point during follow-up. The 
HF event rate was higher in patients with DCM than 
nondilated LV cardiomyopathy (P<0.001; Table  S6). 
On univariable analysis, there was no association be-
tween core fibrosis entropy (HR, 1.13 [95% CI, 0.88–
1.45]; P=0.340), GZ fibrosis entropy (HR, 1.24 [95% 
CI, 0.96–1.6]; P=0.107) or combined fibrosis entropy 
(HR, 1.20 [95% CI, 0.92–1.56]; P=0.175) and major HF 
events. On multivariable analysis (adjusted for age, sex, 
LVEF, and NYHA class), there remained no associa-
tion between core fibrosis entropy (HR, 1.04 [95% CI, 
0.8–1.36]; P=0.759), GZ fibrosis entropy (HR, 1.11 [95% 
CI, 0.84–1.46]; P=0.452), or combined fibrosis entropy 
(HR, 1.08 [95% CI, 0.82–1.41]; P=0.592) and major HF 
events.

Cardiovascular Death

During follow-up, 38 of 291 (13.1%) patients with 
LGE+ NICM met the cardiovascular death end point, 
including 24 (8.2%) who died from HF, 7 (2.4%) from 
SCD, and 7 (2.4%) from other cardiovascular causes. 
The cardiovascular mortality rate was higher in pa-
tients with DCM than nondilated LV cardiomyopathy 
(P=0.004; Table S6). On univariable analysis, GZ fibro-
sis entropy (HR, 1.48 [95% CI, 1.05–2.08]; P=0.027), 
and combined fibrosis entropy (HR, 1.45 [95% CI, 
1.02–2.08]; P=0.039) were associated with cardiovas-
cular death, whereas core fibrosis entropy (HR, 1.33 
[95% CI, 0.96–1.84]; P=0.085) was not. On multivari-
able analysis (adjusted for age, sex, LVEF, and NYHA 
class), neither core fibrosis entropy (HR, 1.28 [95% CI, 
0.92–1.77]; P=0.145), GZ fibrosis entropy (HR, 1.26 
[95% CI, 0.88–1.79]; P=0.202), nor combined fibrosis 
entropy (HR, 1.39 [95% CI, 0.97–1.99]; P=0.070) re-
mained associated with cardiovascular death.Ta
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DISCUSSION
Fibrosis Entropy Is Independently 
Associated With LTA in NICM
We demonstrate that fibrosis entropy, a measure of 
LGE CMR scar texture heterogeneity, is associated 
with LTA in patients with LGE+ NICM. This association 
is independent of benchmark variables used in clini-
cal practice to determine ICD implantation and inde-
pendent of core fibrosis and GZ mass. The addition 
of fibrosis entropy to an arrhythmic risk model on the 
basis of current clinical guidelines enhanced precision. 
Moreover, fibrosis entropy can be used to further clas-
sify patients with LGE+ NICM as either intermediate-
risk (LGE+ with low fibrosis entropy) or high-risk (LGE+ 
with high fibrosis entropy) with respect to incident LTA. 
Importantly, the absence of association between fibro-
sis entropy and major HF events means that fibrosis 
entropy measurements may have utility in identifying 
patients with a higher proportional risk of death from 
LTA, without a concurrently enhanced risk of death 
from HF, and thus may aid in identifying patients who 
are most likely to derive a survival benefit from ICD 
implantation.

The Relative Contribution of Core Fibrosis 
Entropy Versus GZ Fibrosis Entropy to the 
Association With Arrhythmia
Both core fibrosis entropy and GZ fibrosis entropy were 
independently associated with LTA in this population. 
Considering multivariable model 1, the increment in 
C-statistic was similar for each measure of fibrosis/
GZ entropy. The finding that combined fibrosis entropy 
was not associated with a greater increment in C-
statistic than the entropy of either of its components 
alone indicates that the effect of core fibrosis entropy 
and GZ entropy are not additive to each other and is 
likely related to correlation between these variables 
(Figure S1). The effect of fibrosis entropy on arrhythmic 
risk was independent of core fibrosis and GZ mass, as 
illustrated by the sensitivity analyses.

In patients with ischemic cardiomyopathy, the histo-
logical composition of the GZ consists of viable cardiac 
myocytes interspersed with fibrotic collagen deposits, 
which causes spatial heterogeneity and anisotropy.25 
Conduction through critical isthmuses of viable myo-
cardium combined with fixed and/or functional elec-
trical conduction block, propagate reentry circuits 
leading to ventricular arrhythmia.26 While there are 
limited data describing the histological composition 
of the GZ in NICM, there are emerging data indicating 
an association between GZ fibrosis and arrhythmia.7,27 
Our data support the notion that greater tissue hetero-
geneity within the GZ is associated with a higher risk 
of arrhythmia. Although the electrophysiological basis 

of the association between core fibrosis entropy and 
arrhythmia is unclear, it is also feasible that this may 
relate to a degree of interspersion of viable cardiac my-
ocytes within these regions of nonischemic scar, which 
is typically less uniform than ischemic scar. However, 
such a hypothesis requires further in-depth investiga-
tion via histological studies or biophysically detailed 
computational simulation studies. We have previously 
demonstrated that high fibrosis entropy is associ-
ated with transmural conduction block in simulated 
programmed electrical simulation models.22 Further 
computational modeling experiments have similarly 
demonstrated an association between fibrosis hetero-
geneity and arrhythmogenesis.28

LVEF and Risk of LTA in NICM
A further important finding is the lack of association 
found between LVEF and LTA in patients with LGE+ 
NICM. Half of the patients with LGE+ NICM who 
experienced LTA had LVEF >35% and would not have 
met the criteria for primary prevention ICD implantation. 
The poor performance of the guideline-derived 
baseline clinical model based on LVEF and NYHA 
class (C-statistic, 0.49) highlights the inadequacy of 
the current paradigm. These observations, coupled 
with the increment in C-statistic from the addition of 
fibrosis entropy to the model, provides further impetus 
for transition toward risk stratification methods that 
directly evaluate the underlying arrhythmic substrate in 
favor of continued dependence on LVEF.

Fibrosis Entropy Is Not Associated With 
Major HF Events or Cardiovascular Death 
in NICM
No association was found between fibrosis entropy 
and either major HF events or cardiovascular death 
after accounting for important covariates. This obser-
vation is unsurprising, as there is no known or hypo-
thetical mechanistic link between the degree of fibrosis 
heterogeneity and progressive HF. While a plausible 
mechanistic basis for an association between fibrosis 
entropy and SCD does exist as outlined, it is impor-
tant to note that SCD occurred in only 7 patients in 
this cohort, thus contributing only 18.4% of cardio-
vascular deaths, whereas the majority of decedents 
(63.2%) died from HF. The low event rate in the setting 
of current advances in therapy highlights the need for 
more precise algorithms of patient selection for device 
therapy.

Prior Analyses of Entropy in NICM
An association has previously been demonstrated 
between entropy of the entire myocardium and 
major arrhythmia in a cohort of patients with DCM 
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referred for ICD implantation. However, it is unclear 
whether this association was driven by heterogene-
ity within areas of myocardial fibrosis or was simply 
the result of greater tissue heterogeneity caused by 
the presence alone of fibrosis in some patients and 
not others.14 As myocardial fibrosis is recognized 
as the major arrhythmic substrate in NICM, we fo-
cused our analysis specifically on characterization 
of tissue heterogeneity of regions of fibrosis, includ-
ing core, GZ, and combined core and GZ fibrosis. 
This approach was adopted to pinpoint the site of 
arrhythmogenesis in NICM and provides novelty to 
prior studies. We take this forward by integrating 
fibrosis presence with fibrosis entropy to delineate 
tiered risk groups in NICM, enabling more precise 
risk stratification. This study also includes the full 
spectrum of NICM, including nondilated LV cardio-
myopathy, and additionally was not enriched for pa-
tients with an existing indication for an ICD. We have 
previously evaluated fibrosis entropy in 156 patients 
with LGE+ DCM, the majority of whom are pre-
sented in this cohort, albeit here with longer follow-
up duration.11 In this earlier analysis, we reported a 
nonsignificant trend between core fibrosis entropy 
and LTA.11 In the study presented, we adopt a re-
vised methodology for entropy quantification that 
accounts for both core and GZ fibrosis, in a larger 
cohort with extended follow-up.

Limitations
The study was conducted in a single-center tertiary UK 
hospital; the authors acknowledge a potential referral 
bias introduced by this design. However, many patients 
had been referred from a network of surrounding re-
gional hospitals and continued to receive clinical care 
in other institutions after enrollment. A high proportion 
of the cohort were White individuals (86%), which may 
limit applicability of the findings. One technical limita-
tion relates to lack of consensus regarding the opti-
mal method for classifying core and GZ fibrosis. While 
fibrosis entropy values were similar among patients 
who received different contrast agents, it remains un-
known whether scanner vendor, field strength, or LGE 
sequence may affect these parameters. We further ac-
knowledge that the proprietary software used for LGE 
analysis may vary from other analysis software that is 
routinely available for measuring fibrosis mass; the au-
tomated pipeline we used did not permit reproducibil-
ity analysis. We acknowledge the potential challenges 
that exist in analyzing LGE in patients with NICM and 
thinned LV walls; however, the mean wall thickness in 
this cohort was 8 mm. The lack of T1 parametric map-
ping data is a limitation, and testing the incremental 
value of fibrosis entropy above T1 mapping data repre-
sents an area for future work.

CONCLUSIONS
Fibrosis entropy, a measure of scar heterogeneity, is an 
important imaging biomarker in NICM that is indepen-
dently associated with LTA and enhances arrhythmic 
risk prediction. By contrast, LVEF is a poor discrimina-
tor of LTA in patients with LGE+ NICM. Fibrosis entropy 
is not associated with major HF events or cardiovas-
cular death and hence may have utility in identifying 
patients with LGE+ NICM with a high proportional risk 
of LTA and a lower competing risk of HF death.
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